The structural properties of a-plane AlGaN/GaN multiple quantum wells grown on the r-plane sapphire substrate have been characterized. The pentagonal and inverted octagonal surface pits, consisting of several non-polar and semi-polar crystalline facets, are clearly observed and distinguished. The Al incorporation efficiency of the non-polar and semi-polar facets of these special inverted octagonal surface pits has been verified in the order of (1122) < (1012) < (1100) % (1120) < (2021) by cathodoluminescence measurements at room temperature. The evolution of these inverted octagonal surface pits could be due to the results of interaction between different stacking faults. 3 Compared with conventional c-plane nitrides, growth of non-polar nitrides suffers from higher defect density. Recently, the most important issue for crystal quality improvement of non-polar nitrides is to understand the defect generation. The surface imperfection, surface pits 4-6 and existence of large amounts of structural defects such as basal stacking faults (BSFs) and partial dislocations 7-9 have held back the advantageous property of non-polar nitrides. It is well-known that density of BSFs is evaluated as high as 10 5 cm À1 and dislocation density is about 10 10 cm À2 for nonpolar nitrides grown either on r-plane sapphire or c-LiAlO 2 substrates. Typically, these BSFs are either terminated by partial dislocations or connected to neighboring BSFs by the prismatic stacking faults (PSFs).
2) has been demonstrated as an effective approach to solve the influence of quantum confined stark effect. 3 Compared with conventional c-plane nitrides, growth of non-polar nitrides suffers from higher defect density. Recently, the most important issue for crystal quality improvement of non-polar nitrides is to understand the defect generation. The surface imperfection, surface pits [4] [5] [6] and existence of large amounts of structural defects such as basal stacking faults (BSFs) and partial dislocations [7] [8] [9] have held back the advantageous property of non-polar nitrides. It is well-known that density of BSFs is evaluated as high as 10 5 cm À1 and dislocation density is about 10 10 cm À2 for nonpolar nitrides grown either on r-plane sapphire or c-LiAlO 2 substrates. Typically, these BSFs are either terminated by partial dislocations or connected to neighboring BSFs by the prismatic stacking faults (PSFs). 10, 11 Additionally, anisotropic crystal island and surface pits are commonly observed due to the anisotropic epitaxial growth rate in different orientations. The relative growth rates of different semi-polar crystalline facets of wurtzite structure are important factors in evolution of surface pits. For example, the commonly observed pentagonal pits in a-plane GaN could gradually evolve into triangular shapes. 12 In this study, we analyzed the structural and surface defects of non-polar a-plane AlGaN/GaN MQWs. The special inverted octagonal surface defects have been distinctly observed by scanning electron microscopy (SEM) images. The emission spectra of each crystalline orientation by performing CL measurements have been taken to study the Al incorporation efficiency of the non-polar and semi-polar facets. Thus, the evolution of these inverted octagonal surface pits was discussed.
Experimental
Ten periods a-plane AlGaN/GaN MQWs consisted of 10 nmthick AlGaN barriers and 3.5 nm-thick GaN wells. The MQWs structure was grown in atmosphere of N 2 at 1100 C on a GaN template by low-pressure metal-organic chemical vapor deposition. The in situ SiN x interlayer was inserted between the r plane sapphire substrate and GaN template to improve the GaN template crystalline quality. During the growth, trimethylgallium and trimethylaluminum were used as group III source materials and ammonia as the group V source material. The high-resolution x-ray diffraction (HRXRD) was utilized to analyze the AlGaN composition and to determine the well and barrier thickness. Further, the strain state of AlGaN/GaN MQWs was investigated by asymmetric XRD reciprocal space mappings (RSMs). The cross section TEM measurements revealed distribution and microstructure of defects. CL measurements were carried out at room temperature (300 K) by using the Gatan MonoCL system equipped in the JEOL-7000F FE-SEM. The electron beam with acceleration voltage of 10 kV had a beam size of $10 nm and the penetration depth of $0.7 lm for characterization of QWs on surface pits. The electron probe current was kept at 10 nA. Figure 1a shows the HRXRD xÀ2h scan of a-plane AlGaN/GaN MQWs taken on GaN (1120) reflection. Not only does the scan profile reveal strong diffraction from the GaN layer, but also satellite peaks are clearly observed to the third order, which can be used to determine the MQWs structural parameters including the Al composition of Al x Ga 1Àx N barrier and the thicknesses of quantum well. The Al composition in the barrier was determined to be 0.18, while the thicknesses of well and barrier were about 3.5 and 10 nm, respectively. The appearance of the higher order satellite peaks implied a good periodic quantum well structure. In order to study strains in a-plane AlGaN/GaN MQWs, the asymmetric RSM on (0220) has been measured. The main two peaks shown in Fig. 1b are clearly observed. The lower peak is determined as GaN diffraction and the upper one is AlGaN diffraction. The diffraction peak of AlGaN is aligned with that of GaN template along the same Q x for (0220) mappings, indicating that AlGaN and GaN have the same lattice constant and the AlGaN/GaN MQWs structure is almost fully strained without relaxation.
Results and Discussion
The defect structures of AlGaN/GaN MQWs were observed including line, planar and volume defects by different zone-axis cross section TEM images. These TEM images were taken along the . In addition, the asymmetric V-shaped faceted pit is observed, and it consists of an inclined facet and a vertical (0001) sidewall, as shown in Fig. 2b . The inclined facet makes an angle of about 30 with the [0001] c-axis direction, and it could be either (1122) or (2021) facets. It is interesting to note that the MQWs structure is still grown on the facet of V-shaped pit. Figures 2c and 2d show the cross section TEM images along the [0001] zone axis direction. For this zone axis, the threading dislocations, PSFs and some rectangular voids are clearly observed. The rectangular void is a kind of three dimensional defects as indicated in Fig. 2c . The formation mechanism of these voids associate with folded stacking fault domains. Figure 2d shows the visible PSFs inclined at about 60 to the surface direction and formed along the (2110) and (1210) as thin lines [indicated by arrows]. Some of PSFs intersect with each other and propagate to the sample surface. According the analyzed results, the density of dislocation is estimated about 5 Â 10 9 cm previous reports, 13, 14 and can be corresponding to the slight strain relaxation in AlGaN/GaN MQWs demonstrated in the RSM measurement.
The incomplete island coalescence phenomenon found in Fig. 2b has also been observed by the SEM measurement. The top view SEM images in Fig. 3 show the typical pentagonal surface pit aligned along c-axis direction. The intersection angle between the two crystal planes is about 135
, formed by the (1012) facet. The other faceted types for pentagonal surface pit have been identified as (1122) and (2021), respectively. Figure 3b shows the perspective view SEM image. Several crystalline planes such as (1011), (1013) and (0001) have been clearly observed and identified, as shown in the magnification image of Fig. 3c . Furthermore, as shown in Fig.  4a , the special inverted octagonal surface pits consisted of several non-polar and semi-polar crystalline facets have been observed. Each different non-polar and semi-polar crystalline facets of this pit are marked according to the results provided by Sun et al. 12, [15] [16] [17] Compared with typical triangular and pentagonal surface pits commonly decorating the a-plane GaN-based material, this kind of surface pit has never been reported up to now.
12,18 Hence, we further studied and clarified the characteristics of AlGaN/GaN MQWs structure in the inverted octagonal surface pits by CL measurements, which have been widely used to study defect-related emissions. 19, 20 Figure 4b shows the CL spectra from each distinct facet of the inverted octagonal surface pit. The dashed line in Fig. 4b is the aplane GaN emission energy at room temperature (3.42 eV). Thus, the peak energy at 3.492 eV shown in Fig 4b is attributed to the emission from (1120) a-plane AlGaN/GaN MQWs. In addition, the (1100) m facet emission spectrum is similar to the (1120) plane and the relative weak emission peak at 3.826 eV corresponds to (Al, Ga)N barriers. The dominant peak in the (1012) facet emission reveals a red shift of about 21 meV compared to the emission peak from (1120) plane. It could be due to the decrease of Al incorporation efficiency, leading to slight reduction of the quantum confinement effect. This can also be proved by the red-shift of (Al, Ga)N barriers emission peak from original 3.826 to 3.702 eV. In the emission spectrum from the (1122) facet, the MQW peak at 3.425 eV and (Al, Ga)N barrier peak at 3.595 eV have been determined. A large amount of red shift in (Al,Ga)N barriers emission indicates relatively low Al incorporation efficiency on the (1122) facet. However, the emission spectrum from the (2021) facet shows a dominant peak at 3.554 eV. The relatively large blue shift of the emission energy could be due to the increase of Al content and the decrease of quantum well thickness, simultaneously. [21] [22] [23] The Al incorporation efficiency of each crystal facet can be determined in the order of (1122) < (1012) < (1100) % (1120) < (2021). It should be noted that although the Al incorporation efficiency on non-polar and semipolar AlGaN/GaN MQWs is a key factor to clarify the CL spectrum peak shift, the variation of the quantum well thickness on the different crystalline facets is also an important issue to affect the CL spectrum peak shift.
Moreover, the CL spectrum was taken while the excitation electron beam was focused in the central diamond-shaped void, and the electron beam with acceleration voltage of 10 kV corresponded to a beam size of $10 nm and penetration depth of $0.7 lm. It is shown in Fig. 4b that the dominant emission energy at 3.35 eV is lower than the a-plane GaN bulk emission energy (3.42 eV), indicating that this optical transition does not occur in AlGaN/GaN MQWs. Instead, it could be attributed to the emission from the intersection between PSFs and BSFs in the a-plane GaN template. 24, 25 Due to the PSFs have very large fault energy, it dissociates into two lowenergy BSFs with accommodation of the difference between fault vectors at each of two BSF/PSF intersections by a stair-rod dislocation. 8 Since the stair-rod dislocation is expected at the intersection of these two stacking faults, the generation of inverted octagonal surface pits in a-plane GaN could be associated with the interaction of these two stacking faults according to the measurement result.
Conclusions
In summary, we have investigated the structural defects of nonpolar a-plane AlGaN/GaN MQWs structure. The pentagonal and inverted octagonal surface pits, consisting of several non-polar and semi-polar crystalline facets, are clearly observed. The Al incorporation efficiency is very different on the non-polar and semi-polar facets due to different emission energies in CL measurements. The evolution of inverted octagonal surface pits could be associated with the interaction between PSFs and BSFs in the GaN template. These results shall be beneficial to clarify the emissions from non-polar and semi-polar facets within surface pits.
